We aim to provide a taxonomic and compositional characterization of Multiple Asteroid Systems (MASs) located in the main belt (MB) using visible (0.45 -0.85 µm) and near-infrared (0.7 -2.5 µm) spectral data of 42 MB MASs. The compositional and mineralogical analysis is applied to determine meteorite analogs for the MASs, which, in turn, are applied to the MAS density measurements of Marchis et al. (2012) to estimate the porosity of the systems. The macroporosities are used to evaluate the primary MAS formation hypotheses. Our spectral survey consists of visible and near-infrared spectral data. The visible observing campaign includes 25 MASs obtained using the Southern Astrophysical Research (SOAR) telescope with the Goodman High Throughput Spectrometer. The infrared observing campaign includes 34 MASs obtained using the NASA Infrared Telescope Facility (IRTF) with the SpeX spectragraph. For completeness, both visible and NIR data sets are supplemented with publicly available data, and the data sets are combined where possible. The MASs are classified using the Bus-DeMeo taxonomic system. In order to determine mineralogy and meteorite analog, we perform a NIR spectral band parameter analysis using a new analysis routine, the Spectral Analysis Routine for Aster-✩ Based on observations obtained at the Southern Astrophysical Research (SOAR) telescope, which is a joint project of the Ministrio da Cincia, Tecnologia, e Inovao (MCTI) da Repblica Federativa do Brasil, the U.S. National Optical Astronomy Observatory (NOAO), the University of North Carolina at Chapel Hill (UNC), and Michigan State University (MSU). oids (SARA). The SARA routine determines band centers, areas, and depths by utilizing the diagnostic absorption features near 1-and 2-µm due to Fe 2+ crystal field transitions in olivine + pyroxene and pyroxene, respectively. The band parameter analysis provides the Gaffey subtype for the S-complex MASs; the relative abundance olivine-to-pyroxene ratio; and olivine and pyroxene modal abundances for S-complex and V-type MASs. This mineralogical information is then applied to determine meteorite analogs. Through applying calibration studies, we are able to determine the H, L, and LL meteorite analogs for 15 MASs with ordinary chondrite-like (OC) mineralogies. We observe an excess (10/15) of LL-like mineralogies. Of the ten MASs with LL-like mineralogies, seven are consistent with Flora family membership, supporting the hypothesis that the Flora family is a source of LL-like NEAs and LL chondrites on Earth. Our band parameter analysis is unable to clearly distinguish between the HED subgroups for the 6 V-type MASs. Using the measured densities of the meteorite analog and the MAS densities from Marchis et al. (2012), we estimate the macroporosity for 13 MASs. We find that all of the MASs with estimated macroporosities are in agreement with formation hypotheses.
Introduction
The discovery of 243 Ida's small satellite, Dactyl, during the Galileo fly-by launched the era of investigating asteroid systems with multiple components, or multiple asteroid systems (MASs; Chapman et al., 1995; Belton et al., 1996) . The Ida-Dactyl system was the first detection of an asteroid with a satellite, and in the subsequent two decades since the system's discovery more than 225 MASs have been discovered. The MASs discovered to date exhibit a striking diversity in their key characteristics: separation of components, size ratio of components, mutual orbits, locations of the system, and system angular momentum. For example, the Ida-Dactyl system is a large asteroid with a small companion (D p /D s = 22.4, where D p and D s are the diameter of primary and satellite, respectively) with a small system semi-major axis that is only 3.44 D p (Belton et al., 1994 (Belton et al., , 1995 , while 90 Antiope is a large (D p = 87.80, Johnston, 2013) binary asteroid system with nearly equal size components (D p /D s = 1.05) separated by 117 km (Merline et al., 2000; Descamps et al., 2007) . In contrast to these larger systems, 1509 Esclangona is thought to be composed of two small asteroids (D s /D p = 0.5) with D p = 8.0 ± 0.8 km and D s = 4 ± 0.7 km (Marchis et al., 2012) . Such a wide diversity between the MASs strongly indicates that there are several mechanisms involved that govern the formation and evolution of MASs. However, our understanding of the specific mechanisms, and the physics that govern them, remains limited. In this study, we aim to provide context and constraints on MAS formation and evolution mechanisms through a detailed visible and near-infrared (NIR) spectral investigation to determine MAS taxonomies, meteorite analogs, and mineralogy.
Previous studies separate MASs into four general categories based on their known physical parameters (Descamps and Marchis, 2008; Pravec and Harris, 2007) . We adopt the nomenclature of Descamps and Marchis (2008) , which divides the MASs into types based on the physical and orbital parameters; these four MAS types are summarized in Fig. 1 . Each of the MAS types has its own collection of hypothesized formation and evolution scenarios that are linked to the impact history and internal strength of the progenitor.
Type-1, T1: Large asteroids with small satellites The T1 MASs have a large primary (D p > 90 km) with one or several small satellites (D s < D p /5) in low-to-zero eccentricity (e < 0.3) orbits that are limited in system semi-major axis a/R p < 15, where a is the semi-major axis of the mutual orbit and R p is the radius of the primary. An example of a T1 MAS is 243 Ida with its satellite Dactyl. The proposed formation scenarios for T1 systems are satellites generated either as ejecta from a large impact (Durda et al., 2004) or as material removed from the primary in a rotational mass shedding even (Descamps and Marchis, 2008) . These systems are expected to have anywhere from near zero to high internal porosity.
Type-2, T2: Similar size double asteroids The T2 MASs are double asteroid systems comprised of two near equally-sized components with a/R eq ≈ 3 − 8, where R eq is the radius of a sphere with the equivalent volume as the MAS. The components have nearly circular orbits around their center of mass are tidally synchronized. An example of a T2 MAS is 90 Antiope. The T2 MASs are hypothesized to be the product of rotational fission as all of the observed systems cluster along the rotational fission equilibrium sequence (for details see Descamps and Marchis, 2008) . Rotational fission requires that the progenitor body has a low internal strength with little cohesive strength. As such, the T2 MASs are expected to have a high internal porosity.
Type-3, T3: Small, asynchronous systems The T3 MASs are small, asynchronous systems with D p,s 10 km with small mass ratios. These systems can have a high eccentricity secondary, and they can also potentially be ternary (two satellite) systems. An example of a T3 MAS is 1509 Esclangona. The T3 MASs are hypothesized to form as various parts of an evolutionary sequence driven by 'rubble-pile' physics described for near earth asteroids (NEAs) (Jacobson and Scheeres, 2011) . As part of the 'rubble-pile' evolutionary model, these systems are expected to be collisionally evolved and have high internal porosity.
Type-4, T4: Contact-binary asteroids The T4 MASs are contact binaries with two distinguishable components in a dumbbell-like shape. An example of a T4 MAS is the Jupiter Trojan asteroid 624 Hektor. These systems are hypothesized to form as either part of the same rotational fission sequence that forms T2 systems, or as double systems whose mutual orbits have decayed to the point of contact via the binary Yarkovsky-O'Keefe-Radziefvskii-Paddack (BYORP) effect (Descamps and Marchis, 2008; Jacobson and Scheeres, 2011) . Both of these scenarios require low internal strength, so high internal porosity is expected for T4 MASs.
The formation scenarios for MASs can be divided into two broad mechanisms: 1) those driven by impact processes; and 2) those driven by 'rubble-pile' physics and rotational effects, e.g., rotational fission and mass-shedding. These mechanisms can operate individually or be interconnected. For example, an impact can eject material that can remain in orbit forming a T1 MAS (small impactor on large target) or T3 MAS (nearly equal-sized, small impactor and target). Such an impact can fracture the asteroid imparting a moderate macroporosity of up to 30% to the primary body. If sufficiently large, an impact can cause the catastrophic disruption of an asteroid, which can re-aggregate as a rubble-pile with large macro-porosity (> 30%) (Michel et al., 2001; Britt et al., 2002; Richardson et al., 2005; Tanga et al., 2009; Jacobson and Scheeres, 2011) . The rubble-pile asteroid, through rotational spin-up via the YORP effect, can then evolve into a T2 MAS through rotational fission and may further evolve into a T4 MAS through BYORP driving orbital decay. Alternatively, it can evolve into a T1 or T3 MAS through mass-shedding.
The discerning factor between the formation scenarios is the internal structure, or rather the amount of vacuum space within the body, i.e., internal porosity. The determination of porosity requires a measurement of the MAS density, and the identification of an appropriate meteorite analog with a known density. In turn, knowledge of the meteorite analog requires, at a minimum, an accurate determination of taxonomic classification (e.g., DeMeo et al., 2009 ), but it often requires a visible and NIR spectral analysis to determine mineralogical information, which is then related to specific meteorite analogs.
Visible and NIR (0.45 -2.5 µm) reflectance spectra of S-complex asteroid surfaces contain a suite of diagnostic absorption features due to the mafic minerals, olivine and pyroxene. These features are sensitive to relative and modal abundances as well as physical characteristics such as grain size, and thus carry compositional and mineralogical information. Using two-component mixtures of olivine and pyroxene, Cloutis et al. (1986) performed a landmark study that connected the band parameters (center, area, depth, and ratio of band areas) of the 1-and 2-µm absorption bands (Band I and II, respectively) observed in iron-bearing silicates to the relative abundances of olivine and pyroxene and the modal abundances for the olivine and pyroxene phases. Specifically, Cloutis et al. (1986) demonstrated that: 1) the band area ratio (BAR), Band II Area divided by Band I Area, is a grain-size independent, sensitive indicator of the olivine-to-orthopyroxene abundance; and 2) a comparison between Band I center location to the BAR is sensitive to the modal abundances of olivine and pyroxene.
These band parameter sensitivities can be understood by examining the differences in the crystal field absorptions of olivine and pyroxene. Olivine has a broad absorption feature near 1 µm that is the composite of three distinct absorption bands. This composite feature is due to Fe 2+ electronic transitions occupying the M1 and M2 crystallographic sites of olivine (Burns, 1970) . Pyroxene has two absorption bands located at approximately 1 and 2 µm. The absorptions are caused by crystal field transitions of Fe 2+ that typically occupy the M2 crystallographic site in pyroxene (Clark, 1957; Burns, 1970) . Hence, Band I is due to a combination of olivine and pyroxene while Band II is only due to pyroxene. This differential absorption behavior indicates that a parameterization comparing Band I to Band II, in this case the BAR, is sensitive to the relative abundance of olivine to pyroxene, or the ratio ol/(ol + px) [hereafter ol ratio] .
The wavelength position of the minimum of the absorption band, referred to as the band center, is effective for determining the modal abundances (mol% Fe, Mg, Ca) because the position of the bands are dependent upon cation content. For both olivine and low-calcium (Ca) pyroxene (Wollastonite (Wo), CaSiO 3 , 11) there is a well-defined relationship between the Band I center position and ferrous iron content, such that the Band I and II centers are measured at longer wavelengths for increasing iron-content. The relationship between band center and modal abundance is more complicated for high-Ca pyroxenes since increases in both Fe 2+ and Ca 2+ increase the wavelength position of both Band I and II (Adams, 1974; Burns et al., 1972; Cloutis et al., 1986) . However, for single species pyroxenes, with low-or high-Ca content, the mol% Wo versus mol% Ferrosilite (Fs, Fe 2 Si 2 O 6 ) can be disentangled using the center position of Band II (Gaffey et al., 2002; Gaffey, 2007; Burbine et al., 2007 Burbine et al., , 2009 . This relationship does not work for multi-assemblage pyroxenes, such as Ordinary Chondrite (OC) meteorites, because the central band position is a weighted average of the band positions of each pyroxene phase (Gaffey, 2007) .
In §2, we provide the technical details of the instruments and telescopes used in our MAS spectral survey along with a description of the data processing that was applied to the visible and NIR spectral data. In §3 we introduce the Bus-DeMeo taxonomy and classify the MASs in our survey. In §4 we describe the band parameter analysis routine and apply it to determine the Gaffey et al. (1993) S-subtypes; mineralogy of S-complex and V-type asteroids; and identify meteorite analogs through the application of calibration studies. The mineralogy and meteorite analog results are then applied in §5 to constrain the internal porosity of the MASs. In §6, we discuss the results with respect to the MAS formation and evolution hypotheses. We also explore a connection between LL chondrite-like mineralogies and Flora family membership.
MAS Data acquisition and processing
Visible and/or near-IR (NIR) reflectance spectra of 42 MASs covering 0.45 -2.5 µm were obtained as part of an observational campaign started in August 2008, using two telescope facilities: The 4.1 m Southern Astrophysical Research (SOAR) Telescope using the Goodman High Throughput Spectrometer (Clemens et al., 2004 ) and NASA's 3 m Infrared Telescope Facility (IRTF) using the SpeX spectrograph (Rayner et al., 2003) . The observation details for the visible and near-infrared observations are given in Table 1 and 2, respectively. These tables provide the date of observation, observation start time (UT), number of observations × exposure time, heliocentric distance (r h ) at the time of observation, phase angle (α), visible magnitude (m v ), and airmass of MAS. Tables 1 and 2 also provide each target MAS's standard star observation that was used for reduction and the B -V and V -K color of the standard star.
To obtain reflectance spectra and minimize the effects of atmospheric telluric absorption, standard stars are observed either immediately before or after the target observations. The standards were selected to have similar airmass, spectral type, B -V color, and V -K color to the Sun. The B, V, and K magnitudes and stellar spectral type were obtained from the SIMBAD database 3 (and references therein). The final relative reflectances for the MAS sample are calculated by dividing the spectrum of the object by the spectrum of the standard star for that observation.
Visible spectra
The visible SOAR spectral campaign includes 25 MASs covering 0.45 -0.85 µm obtained over 15 nights spanning December 2011 -October 2012. All observations were made using a 1.35" wide slit with the 300 l/mm grating giving a maximum resolving power, R=1390. The observational details for the SOAR-Goodman are listed in Table 1 .
The SOAR + Goodman spectral data reduction is performed using standard techniques with minor modifications due to the unique nature of the Goodman instrument. The one-dimensional spectra for the MAS and standard star frames are extracted from the two dimensional frames by summing pixels in the data range and subtracting off the background value for each column. The background for each column is measured as the mean of non-target pixels for each column. For each of the extracted spectra, we reject cosmic ray and other anomalous signal detections by removing pixels that are 5-σ outliers within a 100 pixel wide box that steps through the spectrum. The bad pixels are replaced with a linear interpolation of the removed data range. This bad pixel rejection process is iterated until no 5-σ detections are found. The cleaned spectra for the standard stars and MASs are then shifted to a common reference 4 , and co-added to produce a composite star and MAS frame. The relative reflectance spectrum for a MAS is then calculated by dividing the co-added object frame by the co-added standard star frame. We select standard stars that have colors similar to the Sun, and are temporally and spatially observed near the MAS observations, to minimize the effects of the telluric absorptions due to Earth's atmosphere.
Flat-fielding is left out of the procedure because of the known scattered light contamination off the back of the second filter wheel (http://ctio.naoa.edu). This scattered light introduces a systematic noise pattern that cannot be removed from the flat field images, precluding them from the reduction pipeline. However, by placing the star and object at the same position on the CCD, the flat fielding is intrinsically incorporated into our reduction via the division of the object by the star. The wavelength calibration is determined using mercury and argon lamp spectra. The finalized visible spectra are determined by binning the data with a 5-pixel box and normalizing to the reflectance value at 0.55 µm. The observational uncertainties are taken to be the standard deviation of the reflectance values within each bin.
Additional processing to the SOAR + Goodman spectral data is required because it contains significant fringing effects longward of 0.65 µm. We attempt to correct the fringing effects through the application of a Fast Fourier Transform (FFT) filter that isolates the fringing frequencies. The FFT filter is applied to the one-dimensional spectra, prior to wavelength calibration, of the individual star and object frames to avoid convoluting the slight differences in fringing patterns between individual spectral frames. We tune the FFT filter to retain high frequencies (less than 6 pixels in wavelength), which are due to observational uncertainties; and to retain the lower frequencies (greater than 18 pixels in wavelength), which are representative of the true spectral features. We further mitigate the effects of fringing by extending our IRTF spectra down to 0.75 µm to replace the 0.75 -0.85 µm portion of SOAR + Goodman data.
Near-infrared spectra
The NIR IRTF SpeX spectral campaign includes 34 MASs covering 0.7 -2.5 µm obtain over 12 nights spanning March 2007 -May 2013. The NIR spectra were obtained using SpeX in the low-resolution (R = 250) prism mode with a 0.8" slit width. The observational details for the IRTF-SpeX observations are listed in Table 2 .
The spectra were acquired in a standard ABBA nodding sequence. Data frames were taken in pairs with the object dithered along the slit between an A and B position. Generally, two ABBA sequences are taken on target followed by two ABBA sequences on a standard solar-type (G-dwarf) star. To minimize atmospheric extinction effects, the standard stars are chosen to be within four degrees of the target. The IRTF flat field images are obtained by illuminating an integrating sphere that is in the calibration box attached to the spectrograph. This box also contains an argon lamp that was used to perform wavelength calibrations.
The NIR reflectance data were processed using standard techniques following Emery and Brown (2003) . Bad pixel masks were created using dark and flat-field frames to identify pixels whose response is consistently low, high, or erratic between frames. Image pairs are subtracted to produce a first-order removal of the sky background emission. The background subtracted images are then divided by a flat-field image to remove pixel-to-pixel variation across the chip. The frames are also searched for cosmic ray hits and other anomalous signal detections. One-dimensional spectra are then extracted from the twodimensional frames by summing pixels in the data range for each column on the chip.
The one-dimensional spectra are still contaminated by telluric absorptions. These are corrected for by dividing the spectrum of an extracted MAS spectrum by a standard star with the same airmass (+/-0.05). This division also corrects the asteroid spectra for the shape of the solar spectrum. Typically, multiple ABBA sequences for each asteroid are taken and summed together in order to increase the signal-to-noise (S/N) ratio. The error bars are the standard deviation of the mean of the co-added frames.
Visible plus near-infrared spectra
In order to accomplish a robust taxonomic determination for as many of our MASs as possible, we combine the visible and near-infrared spectra for MASs with both SOAR Goodman and IRTF SpeX data. We supplement our MAS data set with visible spectra from the Small Main-Belt Asteroid Spectroscopic Survey, Phase II (SMASS II) database (Bus and Binzel, 2002a) for 45 Eugenia, 107 Camilla, 216 Kleopatra, 809 Lundia, 2131 Mayall, 4607 Seilandfarm, and 5407 1992 AX; and from the Small Solar System Objects Spectroscopic Survey (S3OS2) dataset (Lazzaro et al., 2007) for 1509 Esclangona. We also supplement our data set with an infrared spectrum from Moskovitz et al. (2010) for 3703 Volkonskaya. In total, we have 26 visible+NIR reflectance spectra, 9 NIR only spectra, and 7 visible only spectra for a total sample of 42 MAS spectra.
The visible and NIR spectra are combined by fitting 3 rd order polynomials to the red and blue ends of the visible and NIR spectra, respectively. The NIR reflectance values are then scaled to match the normalized visible reflectances in a wavelength region within the 0.75 -0.8 µm range. At 0.75 µm, the NIR data is typically more reliable than the fringe-affected SOAR-Goodman data, and as such, the combined spectra is taken as visible data up to 0.75 µm and IR data past 0.75 µm. The NIR reflectance errors are propagated by multiplying by the scaling factor. Finally, all of the spectra with visible data are normalized to unity at 0.55 µm. If only NIR spectral data are available, the finalized spectra are normalized to unity at 1.0 µm. The MAS visible, NIR, and visible + NIR reflectance spectra are presented in Fig. A1 .
Taxonomy classification
We classify our reflectance spectra that have NIR or visible plus NIR data using the Bus-DeMeo taxonomy (DeMeo et al., 2009 ). The Bus-DeMeo taxonomy extends the visible light-based Bus taxonomy (Bus, 1999; Bus and Binzel, 2002a,b) to include NIR data (< 2.5 µm) of asteroids. The extension into the NIR allows the spectra of asteroids to be separated, via a principle component analysis, into 24 different classes within four groups: S-complex, C-complex, X-complex, and End Members (DeMeo et al., 2009) . Each of our MAS spectra are classified in the Bus-DeMeo taxonomy using MIT's Bus-DeMeo Taxonomy Classification Tool; the results are summarized in Table 3 . Out of the 42 MASs in our sample, we report 28 new Bus-DeMeo classifications.
In most cases, the online tool reports a single classification for each MAS spectrum. In a few cases, and frequently when only NIR data are available, the classification will be non-unique, and the online tool will report multiple likely Bus-DeMeo classes. For these cases, comparisons between the Bus-DeMeo classes' mean spectra 5 are made in an attempt to discern the taxonomy. If the classification is ambiguous, all of the classes listed by the online classification tool are listed in Table 3 . For S-complex and V-type asteroid spectra, the subassignment of 'w' is appended to the Bus-DeMeo taxonomic class if the spectral slope is above an arbitrarily determined cut-off value of 0.25 (DeMeo et al., 2009) . The 'w' is added to account for the catch-all process of space weathering, which has been shown to redden spectral slopes (Clark et al., 2002) . While DeMeo et al. (2009) make no claim as to whether an assignment of 'w' reflects weathering on the asteroid surfaces, the moniker potentially indicates an increased likelihood of a weathered surface.
Mineralogical analysis
Using the custom IDL (Interactive Data Language) routine, the Spectral Analysis Routine for Asteroids or SARA 6 , developed by the authors, we perform a spectral band analysis on the S-and V-type (n = 24) asteroids in our sample to determine the Band I and II centers, areas, and depths as well as the Band I slope. The methodology of the algorithm is described in §4.1. The measured band parameters are applied to: 1) parse the S-type asteroids into their subtypes, as defined by Gaffey et al. (1993) ; and 2) to derive mineralogical information and identify meteorite analogs for the S-complex and V-type MAS asteroids ( §4.2). The synthesis of these results is applied in §4.2.1 and §4.2.2 in an attempt to determine the meteorite subtypes of the OC and HED meteorite groups.
Band Analysis Methods
In this section, we describe the methodology of the IDL-based band parameter analysis routine called the Spectral Analysis Routine for Asteroids (SARA). The IDL code is designed to be applicable to any near-IR (plus visible, if available) reflectance spectral data set that contains Bands I and II due to the cation Fe 2+ in the crystalline structure. The methodology attempts to provide an available to the public, generalized band analysis routine. Here we describe the SARA algorithm methodology and apply it to calculate the band parameters for our MAS sample. The results of our band analysis are summarized in Table 4 .
The Spectral Analysis Routine for Asteroids, SARA
The first step to measure band parameters is to define boundaries for Band I and Band II. Figure 2a indicates the four crucial points (i, ii, iii, and iv) for this determination, where the point pairs (i, ii) and (iii, iv) define the boundaries of Band I and Band II, respectively. Points (i) and (iii) are defined by the two th order polynomials to reflectance data range defined by ±0.3 µm of the data maxima near 0.75 and 1.4 µm. The maxima of these fits are then defined to be points (i) and (iii). Fifth order polynomials are chosen to maximize the accuracy and generality of the algorithm. These regions can exhibit complicated structure due to Band I being a composite of three olivine and one pyroxene absorption as well as (potentially) poor telluric corrections to the spectral data near 1.35 and 1.9 µm; trial and error testing demonstrated that lower order polynomials are insufficient in replicating this structure in a repeatable manner. Point (ii) is defined as the point where a line extending from point (i) lies tangent to the polynomial fit of the 1.4 µm region. By using the tangent point instead of the point (iii) maximum, the band analysis algorithm ensures the continuum does not undercut reflectance values. As such, it more accurately measures the Band I and Band II areas.
The quality of the IRTF SpeX data decreases significantly longward of 2.45 µm, and for many of the reflectance spectra in our sample, the signal-tonoise drops precipitously at this point. To guarantee an accurate representation of reflectance values, the red-edge of Band II, point (iv), is set to the reflectance value at 2.44 µm of a 5 th order polynomial fit to the entirety of Band II 7 . With the boundaries of Band I and II defined, linear continua are generated connecting points (i)-(ii) and (iii)-(iv). The slope of Band I is recorded as the slope of the Band I continuum, and the algorithm divides each band by its respective continuum.
The band centers are measured by computing a 3 rd , 4 th and 5 th order polynomial fit to the bottom of the continuum-divided band (indicated as red points in Fig. 2b and c) . Here, the procedure for V-types and S-complex asteroids diverge. For both S-complex and V-type asteroids, the Band I center is measured by computing polynomial fits to the bottom half of the band. For S-types, with shallower Band IIs that are more sensitive to the effects of observational uncertainties and telluric contamination near 1.9 µm, the center is measured by computing the polynomial fits to the entirety of Band II. However, for V-types, with deeper Band IIs that are less sensitive to the effects of observational uncertainties, the center is measured by computing polynomial fits to the bottom half of Band II. The band depth is taken to be one minus a ten-point boxcar smooth of the reflectance at the wavelength position of the band center. The band center and depth are then defined as the average of the measured center and depths over the three polynomial fits. The band areas are calculated as the area between flat continuum and the continuum divided band reflectance data. The BAR is computed as (Band II Area) / (Band I Area).
A graphical example of SARA's assignment of points (i -iv) and the linear continua fits is provided in Fig. 2. Figs. 2b and 2c show the continuum divided Bands I and II with the polynomial fits to determine the band centers. The band parameters determined by SARA for our 24 S-complex and V-type asteroids are presented in Table 4 .
Band Parameter Errors
SARA assesses the 1σ error bars using Monte Carlo simulations. Using Monte Carlo simulations to estimate errors is particularly important for band center errors because the error is in the wavelength direction, but the observational uncertainties are along the reflectance axis. For Band I and II, gaussian noise set to the level of the measured signal-to-noise is added to the measured reflectance values. This gives a new set of band reflectance points that are consistent with the observational uncertainties. New 3 rd , 4 th and 5 th order polynomials are fit to the simulated reflectance values and the band centers, depths, and areas are re-measured. For each polynomial order, this process is iterated 20,000 times to give 3 × 20, 000 measurements for band center and depth. For each polynomial order, the band center and depth error is taken to be the standard deviation of the 20,000 measurements, and the final 1σ center and depth errors are assigned to be the average of the three error measurements. The measured band area is independent of the polynomial fits, and the 1σ band area error is taken as the standard deviation of the 20,000 measured areas. The Band I and II center and area errors are listed in Table 4 .
SARA also computes Band I slope errors, but as they are not used in this MAS study, they are not listed in Table 4 . This error is also assessed using an iteration of 20,000 Monte Carlo simulations, but here the Monte Carlo simulation is applied to the reflectance values used to define points (i, ii, and iii). Using simulated reflectance values, new 5 th order polynomials are fit to identify points (i) and (iii), which in turn defines the tangent point (ii). The value of the slope is recorded for each simulation, and the final error is taken to be the standard deviation of the 20,000 measured slopes.
Band Parameter Temperature Corrections
The temperature of the asteroid surfaces influences the band center positions and widths of the 1-and 2-µm bands (Singer and Roush, 1985; Schade and Wäsch, 1999; Moroz et al., 2000; Hinrichs and Lucey, 2002; Sanchez et al., 2012) . Laboratory measurements of band parameters are typically obtained at near room temperature (∼300 K), and will therefore have slightly different band parameters than asteroid surfaces. Hence, corrections to the band parameters at asteroidal temperatures are required when comparisons or calibrations based on laboratory measurements are made. Sanchez et al. (2012) found that Band II is the most affected by temperature effects and derived the following equations to correct for these effects with respect to room temperature:
The surface temperatures of the asteroids are estimated using the equilibrium temperature equation,
where L ⊙ is the Solar luminosity (3.846×10 26 W), A is the bolometric albedo, σ is the Stefan-Boltzmann constant, ǫ is the bolometric emissivity, and r h is the heliocentric distance of the asteroid at the time of observation. For our sample of MASs, we use bolometric albedos from the Small Bodies Planetary Data Systems (PDS) Node 8 , and the bolometric emissivity is set to be 0.9. The temperatures, ∆BIIC, and ∆BAR of the asteroids are listed in Table 4 , and hereafter, all listed and utilized BIIC and BAR values are temperature corrected.
S-subtypes and Meteorite Analogs
The Band I center and BAR band parameters can be used to parse the S-type asteroids into seven sub-types, S(I -VII) that roughly trace the mineralogical characteristics of the asteroid (Gaffey et al., 1993) ). The Band I centers versus BARs for our S-and V-type MASs are plotted in Fig. 3 . Using mixtures of olivine (ol) and orthopyroxne (opx), Cloutis et al. (1986) demonstrated that a plot of Band I center versus BAR center produces a distinct curve for mixtures ranging from pure ol to pure opx. Under this same parameterization, the S-type asteroids cluster around the ol-opx mixing line. This provides the basis that S-type asteroids represent a suite of mineralogies ranging from pure olivine, S(I), to pure pyroxene, S(VII). Deviations above and below the ol-opx mixing line are caused by shifts in the Band I center to longer wavelengths with increasing amounts of calcium (Ca 2+ ) within the pyroxene phases (Adams, 1974; Gaffey et al., 1993) . Gaffey et al. (1993) . The solid curve is the olivine-orthopyroxene mixing line defined in Cloutis et al. (1986) , and the qualitative relative abundance of each zone is listed for each zone. The 1σ uncertainties for Band I Center and BAR in Table 4 are plotted for each object.
The general meteorite analog is determined using a modified version of the S-subtype plot (Fig 4) . In the Band I center vs. BAR parameterization, the subtypes S(I), and S(IV), and the basaltic achondrite (BA) zone above the S(VII) zone, correspond to known meteorite assemblages, such that S(I)s are mono-mineralic, olivine meteorite assemblages (e.g., pallasites and brachinites), S(IV)s are ordinary chondritic (OC) assemblages, and BAs are HED (Howardite, Eucrite, Diogenite) assemblages (Gaffey et al., 1993; Burbine et al., 2007 Burbine et al., , 2009 Dunn et al., 2010b; Reddy et al., 2011) . Because of the shape of the S(IV)/OC region, this zone is commonly referred to as the 'OC Boot'. Of the three meteorite zones, the S(IV)s and BAs have positively been linked to specific meteorite groups, and hence, provide the most reliable means of identifying a specific meteorite analog using band parameter analyses results (see § 4.2.1, 4.2.2). Table 4 are plotted for each object.
A summary of the S-subtypes with likely meteorite analogs for the MAS sample is provided in Table 5 . Several of the MASs fall near or on a S-subtype boundary in Fig. 3 . For these objects, both subtypes are listed in Table 5 . In total, we classify 1 S(I), 1 S(II), 3 S(III), 3 S(III)/S(IV) border, 7 S(IV), and 3 sub-S(IV) object out of the 18 S-type MASs in the sample. The sub-(IV) classification is given to 2131 Mayall, 3623 Chaplin, and 5407 (1992 AX), which fall below the 'OC Boot'. 3623 Chaplin and 5407 (1992 AX) plot on the S(IV) zone lower boundary, and therefore, are likely to be analogous to OCs. However, 2131 Mayall plots well below the S(IV) zone in a region that may be associated with primitive achondrites (lodranites and acapulcoites), and/or the anomalous ureilite meteorite group (Burbine et al., 2001; Cloutis et al., 2010; Lucas and Emery, 2014) .
S(IV) Mineralogy
The S(IV) subtype has been connected to the OC meteorites since Gaffey et al. (1993) . However, due to the multiple phases of pyroxene in OCs (Gaffey, 2007) , accurate calibrations connecting the spectral band parameters to mineralogy did not exist until the Dunn et al. (2010a,b,c) series of studies, hereafter Dunn 2010 Series, improved upon the normative abundance calibrations of Burbine et al. (2003) . Using a sample of 48 OCs, the Dunn 2010 Series connects X-ray diffraction measured relative abundances, the ol ratio, and mol% Fs and Fa in pyroxene and olivine, respectively, to a 1-and 2-µm band parameter analysis from IR spectral data. A major result of the Dunn 2010 Series is a set of calibrations to equate Band I centers (BIC) to an ol ratio (Eqn. 4) and BAR to modal abundances (Eqns. 5 and 6). The mineralogical results of applying the S(IV), S(IV)/S(III), and sub-S(IV) MAS band parameters to these equations are shown in Table 5 . 
The mineralogy results can be employed to further narrow down the appropriate meteorite analog to the H, L, and LL chondrite OC subgroups. These three subgroups are based on their relative amount of metallic iron content. The H-chondrites are the highest in metallic iron content, the L chondrites are low in metallic iron content, and the LL chondrites are the lowest in metallic iron content. Conversely, this translates to the inverse relationship with respect to FeO content, such that the H chondrites are lowest in mol% Fs/Fa and LL chondrites are highest in mol% Fs or Fa. Additionally, the 'OC Boot' has a strong ol ratio gradient that is reflective of the variations in olivine-to-pyroxene in the OC subgroups. These trends in relative and modal abundance map to three defined regions in ol ratio vs. Mayall is anomalous, and it may be related to the primitive achondrites -lodranites and acapulcoites (Burbine et al., 2001) or ureilites . This gives 15 MASs with OC-like compositions, where 2 (13.33%) are H-like, 3 (20.00%) are LL-like, 1 (6.67%) is L/LL-like, and 9 (60.00%) are LLlike. Compared with meteorite falls, where LL chondrites are rare, this is a significant excess of LL-like mineralogies. The potential implications of these statistics compared with the meteorite population and the near-Earth asteroid (NEA) population are discussed in §6.4.
V-type Mineralogy
The pyroxene modal abundances for the V-type MASs are computed using calibration equations (Eqns 7 and 8) derived from comparing HED Band I and II centers to mineralogy determined via microprobe analysis (Burbine et al., 2007 (Burbine et al., , 2009 . 
The final modal abundances are taken as the average of the Band I and Band II center results, and the enstatite abundance is taken as 1 -(Fs + Wo). The results of applying these calibration equations to our six V-type MASs are summarized in Table 6 . We attempt to identify the specific HED meteorite analog (howardite, eucrite, or diogenite) for the V-type MASs following the analysis of Moskovitz et al. (2010) . In Moskovitz et al. (2010) , howardite, eurcrite, and diogenite regions are defined for Band I versus Band II center parameter space using a sample 75 HED meteorites. We compare the V-type MASs band parameters to these region in Fig. 6 . All six of the V-type MASs fall within the overlap of the howardite/eucrite regions preventing any positive relation with a specific HED meteorite analog for the V-type MASs. However, in agreement with the observed rarity of diogenite-like spectra, none of the V-type MASs match the diogenite region. 
Internal Structure of MAS sample
A primary goal of this study is to use the MAS taxonomy and mineralogy results to link MASs to an appropriate meteorite analog and apply that connection to the MAS bulk density measurements in Marchis et al. (2012) . The analogdensity connection makes it possible to characterize the porosity of the MAS. The porosity is a measure of the internal structure of the MAS, which provides a critical constraint to understanding formation and evolutionary pathways (see §1).
The bulk porosity, P b , or total percentage vacuum space within a MAS, can be calculated by comparing the MAS system density to that of its meteorite analog (Eqn. 9).
where ρ MAS is the bulk density of MAS, and ρ grain is the grain density of the meteorite analog. The bulk porosity also includes the vacuum associated with the microscopic pore spaces within the asteroidal material. The pore space vacuum percentage, or microporosity, is assumed to be the same as the microporosity of the associate meteorite analog and is calculated as
where ρ b,met. and ρ grain are the bulk and and grain density of the meteorite analog, respectively. The microporosity needs to be subtracted from the bulk porosity to measure the large-scale internal structure; this value is the macroporosity (P m = P b − P met. ), and it is the factor we use to evaluate the MAS formation hypotheses outlined in §1.
The calculated bulk-and macro-porosities for the MASs with density measurements from Marchis et al. (2012) are shown in Table 7 . The meteorite analog densities and micro-porosities are taken from Consolmagno et al. (2008) . The uncertainties in bulk and macroporosity are propagated using the bulk density uncertainties for the MASs from Marchis et al. (2012) and the uncertainties for the meteorite grain density and microporosity from Consolmagno et al. (2008) . An average density for the HED meteorites is applied for the V-type MASs since no specific connection to howardite, eucrite, or diogenite is made (see § 4.2.2). Meteorite analogs followed by a '?' in Table 7 indicate a possible, but unconfirmed, analog. Both 121 Hermione and 130 Elektra are associated with CM chondrites due to the presence of an absorption near 0.7 µm (Cloutis et al., 2011a (Cloutis et al., ,b, 2012 . 283 Emma is also associated with CM chondrites (Fornasier et al., 2011) despite lacking the 0.7 µm feature, which is common, but not ubiquitous in CM chondrites (Cloutis et al., 2011b) . The association between 939 Isberga and ureilite is tentative and made because of its location in Fig. 4 far to left of the OC boot and above the Cloutis et al. (2010) ureilite region.
Following the internal structure divisions of Britt et al. (2002) , i.e., coherent body (P m 15%), fractured body (15% P m 30%), and rubble-pile body (P m 30%), the observed MASs are primarily 'rubble-piles' (7/13), secondarily fractured/rubble bodies (2/13), and lastly coherent bodies (1/13). The other MAS macroporosity estimates (3/13) are unreliable due to their large errors. Structurally, the so-called 'rubble-piles' refer to asteroids that are a compilation of boulders with a distribution of sizes that are held together through self-gravitation (Michel et al., 2001; Richardson et al., 2005; Tanga et al., 2009; Jacobson and Scheeres, 2011) . Our macroporosity findings are consistent with the formation hypotheses expectations, i.e., T2, T3, and T4s have high internal porosity and T1s are the only expected coherent bodies. All of our T2 and T3 MASs are determined to have a high internal porosity, and likely are rubblepiles; and T1 MASs are the only MAS type with macroporosities consistent with coherent structures.
There are several ambiguities to determining the internal structure for the MASs, but they are not without explanation. For one, the structural divisions are not firmly defined, so MASs that have porosities near the P m divisions should not firmly be considered within that structural group. This indicates that 216 Kleopatra and 1089 Tama may be rubble-pile structures. Additionally, some MASs have more than one likely meteorite analog. For example, if the analog to 45 Eugenia is a CM chondrite, then it likely is a rubble pile structure, but if the analog is a CI chondrite, then it could be a fractured body. Moreover, several of the MAS internal structures are indeterminable based upon the porosity errors, i.e., 130 Elektra, 3749 Balam, and 3782 Celle. 130 Elektra has a low bulk porosity (P b = 19.31 ± 11.93) for a C-type asteroid, such that the microporosity of its analog, CM chondrite (P met = 23.10 ± 4.70; Consolmagno et al., 2008) , is larger than the bulk porosity; this likely indicates that 130 Elektra is a coherent body.
Discussion

5407 (1992 AX)
We find 5407 1992 AX to be an S(IV) MAS (Band I Center, BAR = 0.920 ± 0.004 µm, 0.965 ± 0.058) commensurate with its Bus-DeMeo S-type taxonomy. However, using a similar band parameter analysis method, Sanchez et al. (2013) find 5407 to fall in the basaltic achondrite assemblage region with a (Band I Center, BAR = 0.93 µm ±0.01, 2.31 ± 0.06), leading to the conclusion that the parent body of 5407 experienced temperatures high enough to cause at least partial melting. This associates 5407 with a basaltic, non-cumulate eucrite meteorite analog. This is in stark contrast with our finding of 5407 as an S(IV) that is most closely associated with an H chondrite analog.
In an attempt to resolve the significant difference between the two studies, we use SARA to calculate the band parameters of 5407 using the IRTF Pravec and Harris (2007) nomenclature. (a) PDS Small Bodies Node, Binary Minor Planets V.6.0 (Johnston, 2013) (b) Only density range (1.3 -3.7 g/cm 3 ) given in Marchis et al. (2012) , so density is taken as midpoint and error set to span the range spectrum from Sanchez et al. (2013) . While similar, the Sanchez et al. (2013) spectrum has a deeper Band II with a negative slope. Moreover, the reflectance maxima near 1.5 µm between the two spectra are significantly different; SARA returns a point (iii) of 1.552 µm for the Sanchez et al. (2013) spectrum and a value of 1.470 µm for the SOAR + IRTF spectrum of this study. These spectral differences give a larger Band II area value for the Sanchez et al. (2013) 5407 spectrum, such that the calculated, non-temperature-corrected, BARs are 2.04 (Sanchez et al., 2013 ) and 1.052 (this study). The SARA BAR value for the Sanchez et al. (2013) spectrum is still consistent with a basaltic achondrite analog. A likely cause for the larger BAR value is poor observing quality (V. Reddy, personal communication). As our Bus-DeMeo classification, S-subtype, and mineralogical analysis are all in agreement, we find it much more likely that 5407 is associated with an H-chondrite parent body rather than a basaltic achondrite parent body. We cannot, however, rule out the possibility of surface heterogeneity.
The Band II red-edge problem
Due to observational limitations, the end of Band II is not typically observed. This makes the red-edge of Band II a choice rather than an empirical measurement. For example, Cloutis et al. (1986) define point (iv) to be the reflectance at 2.44 µm, while Gaffey et al. (2002) define it at 2.5 µm, and Moskovitz et al. (2010) fit a 2 nd order polynomial to the red-edge of Band II and take the value of the polynomial at 2.44 µm. In §4.1.1, we define the red-edge as the reflectance value of a 5 th order polynomial fit to the entirety of Band II. The choice is important to explore primarily for three reasons: 1) it potentially is a large systematic error to the Band II Area and BAR calculation; 2) it varies from study-to-study indicating that direct comparisons between band analysis studies should be done with caution; and 3) the Dunn 2010 Series, which provides calibration equations for S(IV) asteroids, is based on a Band II red edge set at 2.5 µm. The magnitude of this systematic error has only briefly explored for V-type asteroids with point (iv) defined at 2.4 and 2.5 µm in Duffard et al. (2006) with ∆BAR ≈ 0.12 − 0.78.
For the S(IV) calibrations, this 'Band II Red-Edge Problem' is particularly important because the Dunn 2010 Series red edge of 2.5 µm is beyond the ∼2.45 µm wavelength range where IRTF SpeX data is considered reliable. This potentially introduces a systematic error in calculating Band II Centers, BARs, and the olivine-to-orthopyroxene ratio (Eqn. 4) inherent to all band parameter analysis studies performed with IRTF SpeX and other telescopic data with unreliable data beyond ∼2.45 µm.
To test the magnitude of the 'Red Edge Problem' error, we perform an investigation using six OC meteorite spectra from Brown University's Keck/NASA Reflectance Experiment Laboratory (RELAB) (Pieters and Hiroi, 2004) . We chose two H, L, and LL chondrites (Table 8) , and computed BARs using SARA for Band II red-edges set at 2.40, 2.45, 2.50, and 2.55 µm. Additionally, we computed BARs for two S(IV) MASs (1089 Tama and 1313 Berna) and two V-type asteroids (809 Lundia and 3703 Volkonskaya) using the same four red-edges. These MASs were chosen because of their relatively high signal-to-noise longward of 2.45 µm. The BAR results for this investigation are shown in Table 9 and graphically represented in Fig. 7 . There is a general trend that as the red-edge is extended to longer wavelengths, the BAR value increases. The increase is due to more of Band II being added to the Band II area calculation, which is the numerator in the BAR calculation. The one exception is the L chondrite, Karkh, which has a spectrum that exhibits a downturn in reflectance longward of 2.50 µm, and thus SARA returns a lower Band II area and BAR value. To evaluate the magnitude of the systematic error due to the 'Red-Edge Problem', we consider the value ∆ BAR , which is the difference in BAR between 2.50 µm and 2.45 µm. This value represents the BAR difference between the red-edge in the Dunn 2010 Series calibrations and the observationally limited red-edge in MAS spectral data. The ∆ BAR values vary from meteorite to meteorite, with a smallest value of 0.012, and a largest value of 0.102. In terms of calculated ol ratio, the largest ∆ BAR translates to a potential error in ol ratio of 0.025. This ol ratio error is slightly lower than the derived Dunn 2010 Series ol ratio error of 0.03. This suggests that while the choice of red-edge is a potential source of error, the red-edge error itself is on the order of error inherent to the calibration, and therefore does not have a discernible influence on the calculated abundance ratios. In other words, this conclusion supports the use of the Dunn 2010 Series calibration equations for red-edge choices that are 2.45 µm. For a red-edge choice at 2.4 µm the differ- Table 8 over-plotted on the possible meteorite analog zones: OCs (maroon, Gaffey et al., 1993) , ureilite (yellow, Cloutis et al., 2010) , and primitive achondrite (cyan, Burbine et al., 2001) . Four BAR calculations are displayed for a Band II red-edge set at 2.40 (X's), 2.45 (diamonds), 2.50 (triangles), and 2.55 µm (squares) for each of the six OCs. The 2.45 and 2.50 µm red-edge BAR values are displayed in red to highlight the difference between the Dunn 2010 Series red-edge value at 2.50, and the observationally limited red-edge value of 2.45 µm.
ence in BAR value are larger, and in some cases exceed the error in the Dunn 2010 Series calibrations. It should be noted that the increasing BAR value with increasing red-edge wavelength trend indicates the red-edge error is one-sided. As such, the calculated ol ratio values for IRTF SpeX data are likely to be systematically larger by 0.025 than the ol ratios listed in Table 5 .
The influence of the red-edge problem for the MAS spectra is difficult to determine for the S-type asteroids. This is mainly due to the low signal-tonoise longward of 2.45 µm for IRTF SpeX data. While SARA returns a BAR value for 1089 Tama with a 2.50 µm red-edge, a visual inspection of the Band II definitions reveals that the 2.5 µm reflectance value is lost in the noise; therefore, we do not trust the BAR values to be reflective of the data in this case. The case is worse for 1313 Berna, where SARA is unable to return a valid Band II area. For V-type MASs there is clear trend of increased BAR with increased red-edge wavelength position confirming the findings of Duffard et al. (2006) .
MAS formation considerations
As introduced in §5, the porosity of a MAS is a measure of its internal structure. As such, it provides a critical constraint to understanding formation and evolutionary pathways. For example, consider the idealized MAS formation hypotheses through impact and ejection processes (Durda et al., 2004) and rotational effects acting on rubble-pile structures (Pravec and Harris, 2007; Descamps and Marchis, 2008; Jacobson and Scheeres, 2011) . Depending on the size and energy of an impactor, the MAS progenitor body can: 1) small impactor -remain a 'coherent' structure [porosity 15%] and eject material that could remain in orbit around the primary forming a T1 MAS (Durda et al., 2004) ; 2) medium impactor -fracture [porosity ∼ 15 − 30%] and eject material that could remain in orbit around the primary forming a T1 MAS; or 3) large impactorcatastrophically disrupt and reaggregate as a 'rubble pile' [porosity 30%] and eject material that could remain in orbit around the primary forming a T1 or T3 MAS Pravec and Harris, 2007; Descamps and Marchis, 2008; Jacobson and Scheeres, 2011) . A Rubble-pile can then evolve through rotational spin up through the Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) effect to form a MAS through mass-shedding (T1 or T3 MAS) or rotational fission forming a T4 MAS that may completely separate into a T2 MAS with nearly equally sized components (Pravec et al., 2006; Pravec and Harris, 2007; Jacobson and Scheeres, 2011) . In the fission scenario, the entire systems can then be subsequently modified by tidal effects and the binary YORP (BY-ORP) effect, which can decay the orbits until the two components recombine forming a T4 MAS (Pravec and Harris, 2007; Descamps and Marchis, 2008; Jacobson and Scheeres, 2011) .
T1 MASs
Based upon the proposed formation hypotheses, the T1 MASs are the only systems that are not necessarily rubble-piles. We find that the majority, but not all, of our T1s are rubble-pile structures. The rubble-pile T1s are all large (D eff > 140 km) systems suggesting that the YORP effect is insufficient to increase their rotation rate to the point of mass-shedding for fission. As such, we suggest that these T1 systems formed via impact and ejecta processes. All of the T1 systems are also either C-or X-complex MASs with the exception of 107 Camilla, which we determine to be an L-type.
Interestingly, the two (121 Hermione and 130 Elektra) T1 MASs that exhibit a 0.7 µm spectral feature, are also the only two coherent bodies in our sample. The 0.7 µm spectral feature is a likely indicator of aqueous alteration, which may be critical to understanding why both of these MASs, as well as taxonomically similar 93 Minerva (Marchis et al., 2011) , have high densities compared to other C-type asteroids (Marchis et al., 2011 (Marchis et al., , 2012 . The other C-types in the MAS sample are similar in size and semi-major axis suggesting that the presence of the 0.7 µm feature may be linked to the internal porosity. Possible explanations for this observation are: 1) the catastrophic disruption event required to create rubble-piles provides enough energy to dehydrate or sufficiently alter the aqueously altered minerals responsible for generating the 0.7 µm feature; and/or 2) aqueous alteration is limited to the surfaces and the catastrophic disruption and re-aggregation even generates a new surface that spatially is relatively free of the original aqueous altered surface materials. These explanations are not comprehensive or conclusive but they do warrant follow-up studies on MASs that exhibit a 0.7 µm feature in an effort to understand the origins, timing, and evolution of this feature and aqueous alteration in the asteroid belt. If borne out, they suggest that the presence of the 0.7 µm feature is linked with the collisional history of the asteroid. Consistent with this suggestion is the lower fraction of Themis and Hygiea family members that exhibit a 0.7 µm feature (Rivkin, 2012) . As dynamical family members, it is likely that these asteroids are the result of a catastrophic disruption event.
Rubble-pile types: T2, T3, T4, and W MASs
All of the small (D eff 15 km) MASs are consistent within errors with rubble-pile structures. These MASs also all belong to either the T2, T3, or the Pravec and Harris (2007) W group. These MASs being rubble-piles is consistent with the hypothesis that T2 and T3 MASs are products of the evolutionary track of a rubble-pile asteroid (Jacobson and Scheeres, 2011) . The formation of the W group, which includes well separated, small binary systems, is not well understood, but the potential rubble-pile structure of 3749 Balam suggests that the W group is also a product of rubble-pile physics. Indeed, Jacobson et al. (2014) find that 3749 Balam and 4674 Pauling are consistent with a recently proposed formation hypotheses to explain the formation of wide asynchronous systems that requires rotational fission of a rubble-pile. We expect that a macroporosity determination of 4674 Pauling will reveal that it also has a rubble-pile structure.
The expectation is that T2 MASs (large or small) are rubble-pile structures formed via rotational fission processes, and indeed 809 Lundia, 1089 Tama, and 1313 Berna fall within the rubble-pile macroporosity range within their uncertainties. 1089 Tama falls near the boundary between fractured and rubble-pile making a possible case for formation via a process other than rotational fission. However, if the condition for 'rubble-pile' is moderately relaxed to P m 25% then the likelihood of 1089 Tama being a fractured body diminishes considerably. Such a relaxation of the boundary is not unfounded as the internal structure divisions described in are not well constrained.
LL chondrite MAS mineralogies connection to Flora Family
Among the 15 MASs with OC-like composition, we find that most fall within the mineralogical bounds of the LL chondrites (Fig. 5) with an additional MAS that is on the L/LL boundary. If we include the L/LL boundary object with the LL-like MASs, we have 13.3%, 20.0%, and 66.7% of our OC-like MASs being H-, L-, and LL-like, respectively. The observed excess of LL chondrite mineralogies is surprising given the percentages of H, L, and LL OC meteorite falls on Earth, which have a break down of 42.6%, 47.5%, and 9.8% (Burbine et al., 2002) . Even more intriguing is a similar excess of LL chondrite mineralogies is observed for the near-Earth asteroid (NEA) population (Vernazza et al., 2008; de León et al., 2010; Dunn et al., 2013; Thomas et al., 2014) . Based on dynamical models, an effective delivery system for the kilometer-sized NEA population is the ν 6 secular resonance with Saturn located at the innermost edge of the main belt . Located near this escape-hatch is the Flora family, which is expected to contribute significantly to the NEA population (Nesvorný et al., 2002) . As such, the Flora family is often considered to be the source of the excess of LL-like mineralogies observed in the NEA population.
Of the ten MASs that exhibit LL chondrite mineralogies, seven fall within the narrow semi-major axis range of 2.17 -2.25 AU; eccentricity range of 0.11 -0.19; and inclination range of 3 -6
• . This orbital space is consistent with the Flora dynamical family, and indeed, four of the seven MASs are currently identified as part of the Flora family. Our excess of LL-like mineralogies (ol ratio = 56-72%, Dunn 2010 Series) being associated with the Flora family is in agreement with the Flora family having olivine-rich mineralogies (Vernazza et al., 2008) . As such, it provides additional evidence for the Flora family being a source for the overabundance of LL-like mineralogies in the NEA population.
Additionally, the steep size distribution of the Flora family suggests a collisional breakup origin (Cellino et al., 1991) . In support of this are the seven MASs consistent with the Flora family membership. Of these seven MASs, all are small (D eff < 15 km); and one is a T2 MAS, five are T3 MASs, and one is unclassified. All of these systems are likely to have formed via rubble-pile physics (Jacobson and Scheeres, 2011; Jacobson et al., 2014) . This is consistent with the Cellino et al. (1991) suggestion that the origin of the Flora family is the catastrophic disruption of a progenitor body. The consistency of LL-like mineralogies within this group suggests that the progenitor body is the likely source for some proportion of the LL chondrites.
Two MASs with LL chondrite mineralogies, 1313 Berna and 1333 Cevenola, are also closely clustered with semi-major axes at 2.66 and 2.63 AU, respectively, and have eccentricities and inclinations consistent with the Eunomia family. The Eunomia family is situated near the 3:1 and 8:3 mean motion resonances with Jupiter that provide a means to deliver asteroids to the NEA population and meteorites to Earth (Morbidelli et al., 1995; Bottke et al., 2002) . Albeit small numbers, these two MASs suggest that the Eunomia family may be another source of LL chondrites indicating that the LL chondrites may have more than one associated parent body.
Summary
We have performed a large-scale observing and spectral analysis study on 42 MASs. The study covers both visible (0.45 -0.85 µm) and NIR (0.75 -2.45 µm) spectral ranges, and the all of the data are processed in a consistent way to make the results comparable. When available, our spectral data are supplemented using publicly available data available through SMASSII, S3OS2, and PDS Small Bodies Node. The processed MAS data set allows us to classify 21 new Bus-DeMeo taxonomies using MIT's Bus-DeMeo Taxonomy Classification Tool.
Our MAS spectral data set is further analyzed to determine mineralogy and meteorite analogs. This analysis is performed using the new, IDL-based, Spectral Analysis Routine for Asteroids (SARA). SARA is a generalized band parameter analysis algorithm that is currently configured for S-complex asteroids and V-type asteroids. To make our calculated band parameters comparable to laboratory and calibration studies, the Band II centers, areas, and BARs are corrected for temperature effects using the equations of Sanchez et al. (2012) . The final corrected band parameters are then employed to determine the Ssubtypes (Gaffey et al., 1993) , relative and modal abundances, and meteorite analogs for the MASs. The determined meteorite analogs include OCs, basaltic achondrites, olivine-rich meteorites, and potentially primitive achondrites. For the MASs with OC (S[IV]s) and basaltic achondrite (V-types) mineralogies, we compare the calculated band parameters and derived mineralogy to determine meteorite analogs to the subgroup level, i.e., H, L, or LL chondrite for OCs; and Howardite, Eucrite, or Diogenite for basaltic achondrites. For the MASs with OC mineralogies, we find an excess of LL chondritic material (10/16) and few MASs consistent with L (3/16) or H (2/16) material. One object, 2131 Mayall, does not have a currently identifiable analog, but may be associated with the primitive achondrites (lodranites or acapulcoites) (Burbine et al., 2001; Lucas and Emery, 2014) .
The meteorite analogs are applied to extend the MAS density results of Marchis et al. (2012) to estimate macroporosity. The determined macroporosities allow us to determine the internal structure of the MASs, which is applied to evaluate the formation hypotheses for MASs. Of the thirteen macroporosity estimates we were able to determine, the majority are consistent with rubble-piles with only two objects being consistent with coherent bodies. The small MASs (D eff 15 km) are all found to be rubble-piles and either T2 or T3 MASs, consistent with formation and evolution via rubble-pile physics (Jacobson and Scheeres, 2011; Jacobson et al., 2014) . The two coherent bodies, 121 Hermione and 130 Elektra, are both large (D > 100 km ), T1 MASs, which is consistent with the small satellites forming via ejection of material off the surface following a impact (Durda et al., 2004) .
In addition to this summary, we extract several conclusions and suggestions from the analysis of the MAS spectral data:
1. The choice of the Band II red-edge is a source of error when calculating the BAR, and it makes direct BAR comparisons between studies that use a different red-edge difficult. However, the magnitude of the 'Rededge Problem' error when applying the mineralogy calibrations in the Dunn 2010 Series is smaller than the error in the calibrations equations. Therefore, the 'Red-edge Problem' is not statistically discernible in the mineralogy. On the other hand, the red-edge error is one-sided, and thus systematic in that the choice of a red-edge at 2.45 µm compared to 2.50 µm will offset in olivine-to-orthopyroxene ratio to larger values by 0.025.
2. The two MASs we find to be consistent with coherent bodies are the only C-type asteroids that exhibit the 0.7 µm feature that is indicative of aqueous alteration. This is suggestive, but not conclusive, of a causal link between the presence of the 0.7 µm feature and the collisional history of the body it is observed on. However, follow-up spectroscopic studies of MASs with a 0.7 µm feature are required to test the validity of this suggestion. 3. The overabundance of LL-like mineralogies in our S(IV) sample is explained by Flora family membership. Seven out of the ten MASs with OC-like mineralogies fall within the orbital parameter description of the Flora family, and all seven are analogous to the LL chondrites. This overabundance is consistent with studies of NEAs, which find a similar excess of LL-like mineralogies, strengthening the proposed connection between LL chondrites and the Flora family. These systems are also rubble-piles consistent with the Flora family forming via the catastrophic disruption suggesting a progenitor body with an LL-like mineralogy. Moreover, we note that two LL-like MASs consistent with the Eunomia family are also both LL-like suggesting the Eunomia family as a possible additional source for LL-like NEAs and LL chondrites on Earth.
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Figure A1: The visible and near-infrared spectra of 42 main belt MASs used in this study. All spectra with visible data are normalized to unity at 0.55 µm. If only infrared spectral data are available, then the spectra are normalized to unity at 1.0 µm.
